Introduction
Oxidative stress is a common mechanism of progression for many liver diseases (1) (2) (3) (4) (5) . Persistent redox imbalance can cause irreversible modifications of cellular proteins, leading to the permanent loss of function by either degradation of damaged proteins or their progressive aggregation into cytoplasmic inclusions known as Mallory-Denk bodies (MDBs). This has been observed in many human liver diseases including alcoholic and nonalcoholic steatohepatitis (6, 7) . Although hepatocytes have developed numerous antioxidant defense systems to prevent oxidative stress in the liver, excessive damage or ineffective repair occurs, cell death (apoptosis) is triggered.
Wnt/β-catenin signaling is an established critical pathway for hepatic development, regeneration, and carcinogenesis (8) (9) (10) . We have recently found an additional role for β-catenin regulating hepatic energy metabolism and mitochondrial function (11) . Furthermore, we have previously shown a protective role of β-catenin in the ischemic liver through binding to the hypoxia inducible factor 1α (HIF-1α) (12) to promote cell survival. Another functional crosstalk has been identified in vitro in mammalian cells and C. elegans between β-catenin and forkhead box transcription factors (FoxOs) in response to oxidative stress (13, 14) , but to date this relationship has not been explored in vivo or in the liver.
In mammalian cells, FoxOs comprise four isoforms (FoxO 1, 3, 4 and 6) that critically control fundamental cellular processes such as metabolism, proliferation, cell cycle arrest, apoptosis, survival or resistance to cellular stress (15,16). Their activity is tightly regulated by posttranslational modifications, including phosphorylation or acetylation (17, 18) . When phosphorylated by Akt or SGK1 (serum/glucocorticoid regulated kinase 1), a recently identified β-catenin target gene, FoxOs bind to 14-3-3 proteins and are exported out of the nucleus, to inhibit their transcriptional activities (19) . Conversely, FoxOs can translocate to the nucleus in the absence of phosphorylation and increase target gene expression. FoxOs are known to enhance the expression of pro-apoptotic transcription factors such as Fas ligand, the Bcl-2 interacting mediator of cell death (20) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), which all trigger cell apoptosis (21) (22) (23) .
As the ability of hepatocytes to resist excessive oxidative injury is a critical adaptive mechanism in the liver, we questioned whether Wnt/β-catenin signaling is required for hepatocyte protection against oxidative stress-induced apoptosis. In this study, we demonstrate that both, hepatocytes with impaired Wnt/β-catenin signaling in vitro or β-catenin-deficient livers in vivo, show increased liver damage in response to oxidative stress. Furthermore, the nuclear retention of FoxO3 was revealed in β-catenindeficient hepatocytes confirming a pro-apoptotic function of FoxO3 in the liver.
Taken together, our findings indicate that Wnt/β-catenin signaling provides hepatocyte protection against oxidative stress-induced apoptosis through the inhibition of FoxO3.
Experimental Procedures

Cell Culture, Plasmid and Transfection
Mouse non-transformed hepatocyte AML12 cell line was purchased (American Type Culture Collection, Manassas, VA) and cultured in DMEM/F-12 medium supplemented with 10% FCS, at 37°C with 5% CO 2 humidified incubators. AML12 hepatocytes were used to derive stable β-catenin signaling loss (dnTCF), or gain (S33Y) of function mutants, or their controls via retroviral transfection and neomycin selection as previously described (24) . To activate canonical Wnt/β-catenin signaling, we used the plasmid pcDNA3S33Y, resulting in robust TCF-dependent transcriptional activation compared with wild-type β-catenin (25). To inhibit canonical Wnt/β-catenin signaling, a retroviral expression vector containing a mutant dnTCF4 expression cassette lacking the β-catenin binding domain retain DNA binding activity and thus function in a dominant negative fashion as previously described (26, 27) . To generate FOXO3a-silencing stable hepatocyte cell lines, AML12 cells were transfected with lentiviral (LV) vector FOXO3a shRNA constructs and selected with 2 µg/ml puromycin for 96 hours. The shRNA sequences against murine and human FoxO3a were specific as judged by BLASTn searches as described previously (28). Empty lentiviral vectors were used as control.
Animals
Conditional and liver-specific β-catenin knockdown mice were generated as previously described (24) . The resultant triple transgenic mouse LAP-tTA/tetO-Cre/β-catenin flox/flox (KD) showed an effective β-catenin deletion in KD livers in response to doxycycline (dox) removal from the drinking water. wt/wt ) were used as wildtype controls (WT). Dox-water was given in all breeding cages to prevent any unwanted early deletion of β-catenin during liver development, and removed 6-8 weeks after birth. After Doxwithdrawal for 4 weeks, mice were used for experiments (n=5). All experiments were conducted under a protocol that was approved by Stanford University School of Medicine Institutional Animal Care and in strict accordance with NIH guidelines.
Oxidative Stress Treatment
For in vitro oxidative stress treatment, paraquat (Sigma Aldrich, St. Louis, MO), a known ROS inducer, was added at 1 mM concentration for 24 hours to the cells.
For in vivo oxidative liver damage, mice were fed with the hepatotoxin 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet for 3 weeks to induce chronic oxidative stress in the liver (29) .
Liver Injury
To assess the degree of liver injury, blood was obtained by cardiac puncture and serum was collected. Serum alanine (ALT) and aspartate aminotransferase (AST) levels were measured using a standard clinical automatic analyzer. Liver tissues were fixed in 10% PBS-buffered formalin, embedded in paraffin and sectioned, followed by a routine H&E staining. 
Determination of Intracellular ROS Levels
Apoptosis and Cell Death Assay
For apoptosis detection, a polyclonal antibody K18Asp237 (AnaSpec, Fremont, CA), which recognizes a keratin 18 (K18) fragment generated by specific caspase digestion during apoptosis, was used for immunoblotting of cell lysates or immunofluorescence staining on liver tissue. K18Asp237 reactivity is indicative of cells undergoing apoptosis (31) (32) (33) . For cell death analysis after paraquat treatment, cells were trypsinized, washed, and measured using a FACScan after staining with propidium iodide (PI). Data were analyzed using FlowJo software and presented by percentage of total cells. 
Cell Proliferation and Viability Assay
Luciferase Reporter Assay
Dual-Light Reporter Gene Assay (Applied Biosystems, Foster City, CA) was performed using the pMegaTOPFLASH, pMegaFOPFLASH, or LacZ plasmids as previously described (24) .
Western Blot Analysis
Total proteins (60 µg) from liver lysates were separated on SDS-polyacrylamide gels followed by immunoblotting with indicated primary antibodies at 4°C overnight. Antibodies used were: FoxO1, FoxO3, FoxO4 (Cell Signaling Technology, Beverly, MA), K18Asp237 (AnaSpec, Fremont, CA), β-catenin (Santa Cruz, Santa Cruz, CA), K19 (Developmental Studies. Hybridoma Bank) and SGK1 and SGK2 (Abcam, Cambridge, MA).
Anti-β-actin (Abcam, Cambridge, MA) served as a loading control.
Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNAs were isolated using RNeasy Mini Kit (Qiagen Sciences, Valencia, CA), reversetranscribed, followed by gene expression assay using the Applied Biosystems Prism 7900HT Sequence Detection System by SYBR Green technology (Applied Biosystems, Foster City, CA). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences used are mouse Bim:
Statistics
All results are expressed as mean ± SD and represent data from three independent experiments with duplicates in each treatment group. Statistical significance was determined by Student's t test and significance was defined as *p<0.05, **p<0.01. "n.s." indicates not significant.
Results
β-catenin signaling provides hepatocyte protection against oxidative stress-induced cell death.
Given the established critical roles of Wnt signaling in hepatocyte proliferation (34, 35) and redox balance (14, 24, (36) (37) (38) , we reasoned that Wnt/β-catenin signaling might be important for hepatocyte survival and protection against oxidative liver injury. To investigate the effects of Wnt/β-catenin signaling on cell survival, we generated β-catenin mutants from mouse AML12 hepatocytes with β-catenin loss (dnTCF) or gain (S33Y) of function (24) (25) (26) (27) ). S33Y mutants demonstrate heightened TCF signaling, mild increase in β-catenin protein as well as increased proliferation (Fig. 1A, 1B) . Conversely, dnTCF hepatocytes show impaired TCF signal transduction and decreased proliferation. Loss of function hepatocytes also demonstrated increased intracellular ROS levels as measured by DCF-DA FACS analysis (Fig.  1C) . In order to determine whether Wnt/β-catenin signaling has a protective effect against oxidative liver injury, AML12 hepatocytes were stressed in vitro with paraquat, a known ROS inducer. In response to paraquat, S33Y mutants demonstrate resistance against oxidative-stress induced cell death as measured by PI FACS analysis (Fig. 1D) . Conversely, dnTCF mutants were more susceptible to cell death in response to oxidative stress when compared to controls (Fig. 1D) . Consistently, a similar result was observed by western blot using K18Asp237 antibody for apoptosis detection (32) . Paraquat treatment itself caused remarkable apoptosis in control hepatocytes compared to untreated cells (Fig. 1E) . However, significantly increased apoptosis was detected in hepatocytes with reduced TCF signaling. β-catenin stabilized mutants (S33Y) appeared resistant to paraquat treatment showing only a mild increase in apoptosis (Fig. 1 E) . Measuring intracellular ROS production by DHE staining, no difference in ROS levels could be detected in untreated cells (Fig. 1F) . However, following Paraquat treatment, dnTCF hepatocytes demonstrated increased ROS levels compared to control cells whereas S33Y mutants revealed significant lower ROS levels suggesting an important role for β-catenin in regulating hepatic redox balance.
β-catenin KD mice are more susceptible to oxidative liver damage.
Next, we questioned whether this protective effect of Wnt/β-catenin signaling may also affect chronic oxidative liver injury in vivo. To investigate the effects of Wnt/β-catenin signaling on oxidative liver damage, we utilized the previously described, conditional hepatocyte-specific β-catenin knockdown mouse (24) . To determine if β-catenin knockdown exacerbates oxidative injury in vivo, we subjected KD mice and littermates to DDCcontaining diet for three weeks. DDC is a porphyrinogenic agent that causes chronic oxidative liver damage and Mallory-Denk body formations (39) . Effective β-catenin deletion in response to doxycycline withdrawal for 4 weeks was confirmed by mRNA and protein analysis ( Fig. 2A) . Liver injury was assessed by serum transaminase levels and histology. Untreated KO and WT mice did not show any significant difference in transaminase levels (Fig. 2B) , liver histology (Fig. 2C) or apoptosis (Fig. 2D) . In response to DDC treatment a dramatic elevation of transaminases was observed for both genotypes when compared to untreated groups. However, significant transaminase elevation was detected in KD mice compared to wild-type controls suggesting an exaggerated oxidative hepatocellular injury in β-catenin-deficient livers. This finding corresponded to the histology results demonstrating significant more liver damage with disruption of the normal sinusoidal architecture with inflammatory infiltration, necro-inflammation, bile duct proliferation, and cholestasis in KD hepatocytes (Fig. 2C ). Immunoblot and immunostaining for caspasecleaved K18 also indicated increased hepatocellular apoptosis following DDC diet in β-catenin-deficient mice (Fig. 2C,D) . DHE staining for the in situ detection of ROS (Fig.  2C ) revealed a pronounced increase in KD livers when compared with controls after DDC diet. Furthermore, KD livers demonstrate increased K19 expression as determined by immunostaining (Fig. 2C) and by Immunoblot analysis (Fig. 2D) , consistent with increased atypical ductular proliferation. Together, these results show that β-catenin has a protective role during chronic oxidative liver injury that reduces the degree of hepatocellular injury.
β-catenin-deficient livers exhibit nuclear retention of FoxO3 in response to oxidative stress.
Given these observations in β-catenin deficient mice and the previously reported cross talk between β-catenin and FoxO in C. elegans and cultured cells (13, 14) , we sought further evidence for the effect of β-catenin deletion on FoxO3 signal transduction in response to oxidative stress in the liver. Immunofluorescence staining of untreated liver tissues revealed a primarily nuclear expression pattern of FoxO3 (Fig. 3A, 3D ), suggesting that FoxO3 functions physiologically in normal liver homeostasis likely in its ascribed role of lipid metabolism (40, 41) . Under oxidative stress however, FoxO3 mainly translocates to the cytoplasm and membranes (Fig. 3B, 3E) . Interestingly, nuclear expression of FoxO3, which suggests persistent activity, has been detected in β-catenin-deficient livers despite DDC treatment (Fig. 3C, 3F ). The specificity of FoxO3 liver staining was confirmed by negatively stained livers of FoxO3 knock-out mice (data not shown).
Together, these data indicate that under oxidative stress β-catenin deletion results in nuclear retention of FoxO3, which is consistent with recent findings in colon cancer cells in which accumulation of nuclear FoxO3 resulted in apoptotic cell death (42, 43) .
Impaired SGK1 expression in β-catenindeficient livers is accompanied by up-regulation of pro-apoptotic FoxO3 target genes.
To investigate whether the observed nuclear FoxO3 expression was a result of impaired Wnt/β-catenin signaling, we next sought to determine SGK1 expression. SGK1 was recently identified as a novel β-catenin target gene, which can phosphorylate and therefore inhibit FoxO3-induced apoptosis in different organ systems (44, 45) . β-catenin KD livers demonstrate decreased target gene expression for Cyclin D1, c-Myc and Axin2 at mRNA level compared to wild-type controls (Fig. 4A) . SGK1 protein did not show any difference in untreated WT and KD livers as detected by western blot. However, SGK1 expression was significantly reduced in β-catenin-deficient livers in response to oxidative stress (Fig. 4B) . SGK1 protein was mildly induced in WT livers in response to DDC diet. SGK2 protein did not show a difference between KD and WT untreated or DDC-treated livers (Fig. 4B) . However, β-catenin protein expression was found to be reduced in WT and KD livers in response to DDC (Fig. 4B) . Together, these findings suggest that sustained nuclear expression of FoxO3 is likely a result of impaired SGK1 expression in β-catenin KD livers in response to DDC treatment, suggesting an important role of SGK1 in regulating β-catenin and FoxO3 signaling pathways. To further investigate whether the persistent nuclear FoxO3 expression results in increased apoptosis, we measured apoptotic FoxO3 target gene expression. Our results show a significant increase in Bim and p27 expression, known proapoptotic genes that are regulated by FoxO3, in β-catenin-deficient livers (Fig. 4C) .
Taken together, our results suggest that Wnt/β-catenin signaling is important for SGK1 activation under oxidative stress conditions to promote FoxO3 inactivation by nuclear exclusion to inhibit hepatocellular apoptosis.
FoxO3 mediates oxidative stress-induced apoptosis in hepatocytes.
Since we have observed a heightened accumulation of nuclear FoxO3 together with increased Bim and p27 expression in the absence of β-catenin, we reasoned that FoxO3 is an important molecular regulator for hepatocellular apoptosis under oxidative stress. To further investigate the molecular mechanism of hepatocyte death under oxidative stress, we silenced FoxO3 in hepatocytes using shRNA to establish the overall effect on oxidative stressinduced apoptosis. FoxO3 protein expression was specifically reduced (Fig. 5A) , while its isoforms FoxO1 and FoxO4 were unaffected in shFoxO3-KD cells.
After treatment with paraquat for oxidative stress induction, cell death and cell viability was assessed in shFoxO3-KD and LV-control hepatocytes by FACS analysis and MTT assay. shFoxO3-KD hepatocytes showed less cell death than LVcontrol cells (Fig. 5B) . Consistently, as shown by immunoblot of K18Asp237 (lower panel), apoptosis was much less detected in shFoxO3-KD when compared to LV-controls. Moreover, cell viability as measured by MTT assay was lower in shFoxO3-KD hepatocytes than LVcontrols during basal conditions; but after paraquat treatment shFoxO3-KD cells demonstrated increased cell survival than controls (Fig. 5C ). These results indicate that FoxO3 is required in hepatocytes for oxidative stress-induced apoptosis. This result was further supported by increased Bim expression, a known FoxO3 target for apoptosis (Fig. 5D ). Whereas Bim expression was very similar at low level in untreated LV-control and shFoxO3-KD cells; Bim mRNA showed a dramatic increase in LVcontrol cells in response to paraquat treatment, while in shFoxO3-KD hepatocytes Bim expression was maintained at low level (Fig.  5D ). These findings suggest that FoxO3 has an important role for hepatocyte apoptosis under oxidative stress through up-regulation of the pro-apoptotic gene Bim. To provide further evidence that increased apoptosis in β-catenin KD liver (Fig. 2B-D) is mediated by the FoxO3 activation (Fig. 3) , we performed a FoxO3 siRNA knockdown in control and dnTCF hepatocytes. The knockdown was confirmed by FoxO3 immunoflourescence staining (not shown) and biochemically (Fig. 5A) . Our results clearly show that in response to oxidative stress, dnTCF hepatocytes demonstrate increased apoptosis, which can be significantly ameliorated by FoxO3 knockdown (Fig. 5E, F) . Together, these findings suggest that β-catenin protects hepatocytes from oxidative stressinduced/FoxO3-mediated apoptosis by inactivation of the pro-apoptotic FoxO3.
Discussion
The molecular mechanism of oxidative stressinduced liver damage involves the activation of multiple signaling pathways. The present study provides the first in vivo evidence that Wnt/β-catenin signaling plays an essential role for liver protection against oxidative stress-induced cell death through crosstalk with FoxO3 to inhibit hepatocyte apoptosis. Interestingly, we found that β-catenin KD livers showed impaired cytoplasmic translocation and therefore retained nuclear expression of FoxO3 combined with upregulated pro-apoptotic target gene expression of Bim and p27. Our data further suggest that SGK1, a known β-catenin target gene, is a molecular link between these two signaling pathways to inhibit FoxO3 mediated cell death.
Oxidative stress is closely associated with almost all human liver diseases, and has emerged as a key player in the development and progression of pathological conditions (1, 2, 8) .
Although hepatocytes have developed efficient molecular mechanisms to strictly regulate intracellular ROS levels and maintain the balance between oxidant and antioxidant molecules, extensive oxidative stress resulting from an imbalance between the generation of ROS and the antioxidant defense capacity of hepatocytes can cause cellular damage or cell death. Oxidative stress was thought to trigger cell death through the modification of critical cellular components including lipids, proteins and DNA. However, recently, it has been shown that oxidative stress-induced death mechanisms are far more complex, with the involvement of different signal transduction pathways, such as the mitogen-activated protein kinases ERK1/2, JNK, NF-κB or FoxO pathways (22, 46, 47) . The molecular mechanisms that link oxidative stress are still not fully understood. Moreover, cell signaling varies depending on the type, intensity and duration of oxidative stress. However, continued investigation of the molecular mechanisms of the cellular stress response can provide novel approaches to prevent liver damage in clinical conditions of increased oxidative stress.
Wnt/β-catenin signaling appears to be required for hepatocyte survival by either activating cellular antioxidant defense systems, activating survival pathways or suppressing apoptotic cell death signaling pathways (48, 49) . Our data show that Wnt/β-catenin signaling is important for the reduction of oxidative stress-induced cell death through the suppression of apoptotic cell signaling by FOXO3. Mice with β-catenin deletion demonstrated increased hepatocellular injury, elevated ROS as well as more apoptosis. Others have recently reported that β-catenin KO mice demonstrated decreased apoptosis in response to LPS injection, that was explained through increased NF-κB activation in the KO mice to induce hepatocyte survival (47) . Therefore, previous findings (47) together with our data indicate that various injury stimuli can result in different signal pathway activation leading to different cellular functions. In our study, ROS, not LPS as a second messenger mediates Wnt/β-catenin signaling. We have previously shown that Wnt/β-catenin signaling is strongly impacted by cellular redox balance resulting in decreased transcriptional activity (12) .
Another intriguing finding in this study was the observation that FoxO3 relocation from the nucleus into the cytoplasm in response to oxidative stress was impaired in β-catenin deficient livers. FoxO3 was mainly retained in the nucleus which was distinct from the observation in wild-type mice. Our results further showed that under homeostatic conditions without significant cell mitosis as exists in the liver, FoxO3 is located in the nucleus. The nuclear expression of FoxO3 likely relates to its role in metabolic control. Conversely, under stress, FoxO3 is shuttled into the cytoplasm to promote cellular adaptation and survival. Furthermore, our data suggest that this is regulated by β-catenin as a molecular modulator since its kinase and known target gene SGK1 is strongly diminished in the absence of β-catenin. This mechanism of Wnt signaling activation as an activator of SGK1 leading to nuclear exclusion of FoxO3 has been previously reported in colon cancer cells (45) , but herein we provide the first demonstration of this mechanism in the liver. Since, in the absence of β-catenin FoxO3 shuttling is impaired in response to oxidative stress, we speculate that SGK1 is the molecular link between β-catenin and phosphorylation of FoxO3 to inactivate FoxO's apoptotic function. SGK1 is known to play a protective role by promoting cell survival under stress conditions and inhibiting apoptosis (50) . The effect of the β-catenin/SGK1 signaling axis resembles the insulin/PI3K/Akt signaling pathway as they are both known to phosphorylate FoxO resulting in nuclear exclusion of FoxO proteins, thereby inhibiting FoxO-dependent transcription (22, 51) . Furthermore, it was recently reported that in addition to FoxO3, FoxO1 can also be regulated by activated β-catenin leading to decreased inflammatory ischemia/reperfusion injury in mice via the Akt/β-catenin/FoxO1 signaling axis (52) .
In the present study we provide novel in vivo evidence that FoxO3 serves a pro-apoptotic role in the injured liver since its knockdown resulted in decreased hepatocyte death in response to oxidative stress. The balance between proapoptotic and pro-survival actions of FoxOs depends on mechanisms not yet completely understood. In the presence of stressful stimuli, FoxOs reside in the nucleus and actively transcribe target gene expression. Their function differs depending on the intensity of the oxidative stress: FoxOs can either promote apoptotic signaling cascades like Bim, Fas ligand or TRAIL under high stress or antagonize oxidative stress by activating stress-resistance genes (i.e. SOD, CAT or GADD45) (13, 17) , reduce DNA damage or induce cell-cycle arrest for cells under low stress as described before (13) . Overexpression of FoxO3 within human colon carcinoma cells or activation of FoxO3 in cultured hepatocytes by the saturated free fatty acid palmitic acid, a known oxidative stress inducer (53,54), stimulated the expression of Bim, a pro-apoptotic target gene product, and caused apoptotic cell death (45) . In line with these reports, our studies provide evidence that FoxO3 imparts a pro-apoptotic function by activating downstream Bim thereby leading to increased hepatocyte injury.
Taken together, we provide in vitro and in vivo evidence in support of a model in which β-catenin signaling provides hepatocyte protection through the inhibition of FoxO3-mediated apoptosis (Fig. 6) . Under homeostatic condition, activation of FoxO3 is required for the control of cellular metabolism including glycolysis (55) or fatty acid oxidation (40, 41) . Under oxidative stress, β-catenin signaling activates downstream SGK1 in wild-type hepatocytes, which inactivates FoxO3 by phosphorylation, leading to FoxO3's cytoplasmic translocation. This inhibits oxidative stress-induced hepatocyte apoptosis. In the absence of β-catenin, however, FoxO3 is retained in the nucleus in its active form as result of impaired SGK1 expression to trigger apoptosis. Our study provides new evidence for potential future therapeutic strategies targeting liver injury protection, repair and regeneration. hepatocytes are highly resistant to paraquat-induced apoptosis, as determined by western blot for caspasecleaved K18Asp237. K18 and β-Actin served as controls. Note that dnTCF hepatocytes are most and S33Y mutants least susceptible to paraquat-induced cell death and apoptosis. (F) dnTCF cells demontrated increased intracellular ROS levels as measured by DHE staining (5µg/ml). RLU, relative light units; hrs, hours; MFI, mean fluorescence intensity; RFI, relative fluorescence intensity. *p<0.05, **p<0.01; n.s., not significant. Wild-type and β-catenin KD mice were fed with normal control diet or DDC-diet for three weeks. Liver cryosections were fixed by acetone and triple-stained with FoxO3 (red), K8 (green) and DAPI (blue). K8 served as an epithelial marker which specifically stains the cytoplasms of hepatocytes or cholangiocytes. Immunofluorescence images were obtained with a fluorescence microscope. (A, B, C) Single color staining images of FoxO3 and merged three color images (D, E, F) were presented at 400x magnification. Note that FoxO3 expression was retained in the nucleus in β-catenin KD hepatocytes despite DDC treatment. A) Impaired β-catenin target gene expression in KD livers as measured by qRT-PCR. (B) Immunoblot for SGK1, SGK2 and β-catenin was performed on liver lysates (60µg total protein) from both WT and KD mice, treated with or without DDC-diet. β-Actin was used as loading control. (C) mRNA extracted from DDC-treated livers were used for qRT-PCR to detect mRNA expression levels of p27 and Bim, proapoptotic FoxO3 target genes. β-catenin KD livers demonstrate increased p27 and Bim expression. Under normal conditions, nuclear FoxO3 may function in the control of cellular metabolic homeostasis. Under oxidative stress, Wnt/β-catenin signaling provides hepatocyte protection by activating downstream SGK1, which phosphorylates FoxO3 and thereby inactivates its function to inhibit oxidative stressinduced, FoxO3/Bim-mediated apoptosis to promote hepatocyte survival. In the absence of β-catenin, FoxO3 cannot be effectively phosphoryated by SGK1 and remains in the active form in the nucleus to trigger Bim-mediated apoptosis.
